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ABSTRACT 

The size and mass of two circum-galactic medium (CGM) clouds in the halo (impact parameter = 

65 kpc) of a nearby late-type galaxy, MGC -01-04-00 5 (cz = 1865 kms~^) , are investigated using a 
close triplet of QSO sight lines (the “LBQS Triplet”; Crighton et al. 2010). Far ultraviolet spectra 
obtained with the Gosmic Origins Spectrograph (GOS) aboard the Hubble Space Telescope {HST) 
find two velocity components in Lyct at ^ 1830 and 1900 kms~^ in two of these sight lines, requiring 
minimum transverse cloud sizes of > 10 kpc. A plausible, but not conclusive, detection of G IV 1548 A 
absorption at the higher velocity in the third sight line suggests an even larger lower limit of > 23 kpc 
for that cloud. Using various combinations of constraints, including photo-ionization modeling for 
one absorber, lower limits on masses of these two clouds of > 10® Mq are obtained. Ground-based 
imaging and long-slit spectroscopy of MGG -01-04-005 obtained at the Apache Point Observatory 
(APO) 3.5m telescope find it to be a relatively normal late-type galaxy with a current star formation 
rate (SFR) of ~ 0.01 Mq yr“^. Galaxy Evolution Explorer (GALEX) photometry finds a SFR only a 
few times higher over the last 10® yrs. We conclude that the CGM clouds probed by these spectra are 
typical in being at impact parameters of 0.4-0.5 i?vir from a rather typical, non-starbursting late-type 
galaxy so that these size and mass results should be generic for this class. Therefore, at least some 
CGM clouds are exceptionally large and massive. 

Subject headings: galaxies: halos — galaxies: spiral — intergalactic medium — quasars: absorption 
lines 


1. INTRODUCTION 

In the last few years the advent of the high through- 
put far-UV (FUV ) Cosmic Origins Spectrograph (COS; 


has allowed the discovery of a massive and extensive 
circum-galactic medium (GGM; a.k.a. gaseous halo) 

around late-type galaxies dProchaska et al. 

20111 Turn- 

linson et al.||2011l |2013l 

stocke et al.||2013l 
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af. 2014[ Lehner et al. 2015). 


gets finds H I often accompanied by low- (e.g., C II, Si II, 
Si III) and/or high-ion (e.g., C IV, Si IV, and O VI) metal 
absorption lines at the redshifts of foreground, typically 
late-type galaxies. The absorptions occur ubiquitously 
wit hin approxi mately one projected virial radius (i?v 


see 


Shull 2014 for a detailed discussion) implying high 


2011 Stocke et al.||20l3 ) tor the CGJVt around late-type 


covering factor (iProchaska et al.||201ll iTumlinson et al. 


galaxies in the current epoch. 


geting QSO/galaxy pairs using HST/GOS 

Tumlinson 

et al.|2013 

Stocke et al.|2013 

Bordoloi et al. 

2014|. Us- 

ing COS science team Guaranteed Time (J 

bservations 

(GTO), [Stocke et al. 

(|2013 

) studied late-type galaxy ha- 


ies to ~ L* spirals at impact parameters < 1.5it!vir find¬ 
ing associated H I Ly g absorption in all cases. The COS- 
Halos research team (Tumlinson et al.||2011 2013 Werk 
et al.|2013 Bordoloi et af.||20T4| studied both fate-type, 
star forming gafaxies and earfy type galaxies with very 
low amounts of current star formation. The first COS- 


Bordoloi et al. 

2014 

) concentrated on L = 0.1-1 L* late- 

type galaxies a 

long with a lew lower luminosity dwarts. 


The COS-Halos program targeted sight lines whose im¬ 
pact parameters are < 0.5i?vir- 
These new HST/COS observations were supplemented 
by the use of archival Space Telescope Imaging Spec¬ 
trograph (STIS) FUV spectroscopy for a large number 
of very bright, low-x QSOs in conjunction with ground- 
based S£ectrosco£ic_surveY2_of_galaxies_iwa£_these_siglh 
lines (Morris et al.|1993 Bowen et al. 119971 [Tripp, Lu, fc 


Savage|1998 

IPentbn, bticke, & ybulll|l^00iilll>004l Ibtocke 

et ai. 2006 

Prochaska et af. 2011 Stocke et af.||2013|). 


vious paragraph, these “serendipitous” studies found ab¬ 
sorption systems first, then identified associated galax¬ 
ies in some cases using the ground-based galaxy redshift 
surveys. In these “serendipitous” surveys approximately 
50% of absorbers with log Nhi (cm“^) > 14.0 are found 
within the virial radius of an associated galaxy. This 
percentage decreases with decreasing colum n density. 

Th ese two types of studies (summarized in|Stocke et al. 
2013) show H I Lyg absorption at comparable redshifts 
to foreground L > 0.1 L* late-type galaxies at near unity 
covering factor out to l-2iivir- Dwarfs also have signifi¬ 
cant associated absorption but at lesser (~ 50%) covering 
factors within l-2i?vir- At all luminosities, these cover¬ 
ing factors decline quite slowly out to several virial radii 
making it unclear where the CGM ends and the IGM 
begins if only Lyg is cons idered. However , it has been 
known for some time (e.g., Ghen et al. ]Mlj | |Stocke et al. 


20061 that metal absorption (C IV and U VI m particu- 
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lar) truncates rather dramatically at ~ 0.3-1 Mpc from 
the nearest bright galaxy. It is plausible but not proven 
that metal-enriched gas at Z > 0.1 Zq metallicity oc- 
curs only within th e confines of spiral-rich galaxy groups 
(|Stocke et al.||2014|), which have similar physical extents 
to this enriched gaseous reservoir. The detection of ex¬ 
tensive C GMs around early- type galaxies remains con¬ 
troversial (Thom et al. 20121. 


From the init ial GUS-Halos program results (Tumlin- 


son et al. 2011) it was already clear that these gaseous 
halos are very massive. However, determining a more ac¬ 
curate mass in photo-ionized halo clouds requires some 
simple modeling to determine the ionization state, den¬ 
sity, and extent of these clouds. This standard photo¬ 
ionization modeling has been accomplished by two in¬ 
dependent groups who hnd quite similar but not identi¬ 
cal results. Both analyses assume single phase clouds 
in photo-ionization equilibrium with the extragalactic 
ionizing ra diation, whose amount is f ixed assuming the 
value from Haardt & Madau (2012). If a UV back- 


ground intensity somewhat s tronger than that of Haardt 
& Madau (2012) is used (see Shull et ^|2015 for a jus- 


and line-of-sight sizes of n n = 10 ^ to 10 cm ^ and 


0.1-20 kpc, respectively. Werk et al. 


tihcation for this adjustment), the cfoud densities and 
total masses determined would also increase by a similar 
factor. By determining the ionization parameter using 
the line ratios of metal ions in different ionization states, 
total cloud densities and indicative sizes can be calcu¬ 
lated. C loud masses fo l low b y assuming quasi-spheroidal 
clouds. Stocke et al. (2013) analyzed 25 systems with 
at least two adjacent ion states, finding cloud den^sities 

_ ^cm” 

(|2014j) analyzed 
the metal absorption systems in 44 clouds hnding some¬ 
what lower densities ((nn) = lO”"^'^ cm“^) and larger 
cloud sizes. However, based on the limited number of 
input spectral line strengths (and their substantial un¬ 
certainties) as well as the unlikely assumption that the 
clouds are homogenous, single-phase gas, the results of 
these photo-ionization models are quite uncertain. Even 
in ideal circumstances these models provide only a sub¬ 
stantial range for values of cloud density and size (and 
thus mass). Therefore, other cloud size constraints are 
required to be able to conclude more definitively that 
photoionized CGM clouds are large and massive. 

From these basic results the inferences derived for the 
mass of the CGM around a typical L > 0.1 L* late- 
type galaxy diverg e somewhat between these two studies. 
Werk et al. (2014|) advocate for a single-phase CGM with 
density decreasing only very slowly away fr om the asso¬ 


ciated galaxy and Mcgm = 6.5 x 10^^ Mq. Stocke et al. 


(2013) use their 25 observed clouds to construct an en¬ 
semble mass (^ 10^° Mq) and a volume Hlling factor of 
3-10%. The latter results yield a significantly lower total 
CGM mass, leaving a large volume in the CGM unfilled 
by photo-ionized gas clouds. 

Whether the CGM is completely filled with photo- 
ionized gas or not makes a difference for the interpreta- 
tion o f the detected O VI absorption. In the |Werk et al.| 
(2014) analysis the O VI must arise in gas co-mingled 
with the gas giving rise to the photo-ionized absorption 
regardless of whether the O VI itself is photo-io nized 
or collisionally ionized. In the Stocke et al. (2013) pic¬ 
ture the photo-ionized clouds are surrounded by a hotter 


medium which fills 90-97% of the CGM volume; the in¬ 
terface between the clouds and a hot substrate create 
the co l lisiona lly ionized O VI through shocks. Stocke] 
et al. (2014) claim that broad, shallow O VI absorp¬ 


tion discovered in high-S/N COS spectra obtained by 
the GTO team (Savage et al. 2014) is evidence for this 
hotter substrate! Unlike the stronger, narrower O VI 
detected and studied by the COS-Halos Team, this shal¬ 
lower absorption suggests temperatures in the T = 10^ 
to 10®'® K range. An intra-group gas at these temper- 
at ures was predicted to b e present in spiral-rich groups 
by Mulchaey et al. (1996), analagous to the hot gas seen 
in rich c lusters and ellip tical-dominated rich groups of 
galaxies ( Mulchae^|2000 ). 

New constraints on cloud sizes can distinguish between 
these two pictures of the CGM, indirectly arguing for or 
against a very massive, hot, diffuse group gas surround¬ 
ing these late-type systems. More generally, since the 
mass of a quasi-spherical cloud scales as cloud size r® 
while the total area of the cloud goes as r^, the larger 
the individual halos clouds, the greater their mass, scal¬ 
ing as jr^ in the limit of unity covering factor. 

In this paper we place constraints on the size of two 
halo clouds found around a rather normal ~ 0.1 L* 
galaxy using a triplet of sight lines closely spaced on 
the sky (10-23 kpc separation at the galaxy’s Hubble 
distance of 27 Mpc; see Figure [^. These three closely- 
spaced QSO s were found in th e Large Bright QSO Sur¬ 
vey (LBQS; [Foltz et ^|1987| ), designated LBQS 0107- 
025A,B and LByS 0107-0232 (referred to collectively as 
the “LBQS triplet” here after) and described in detail 


Crighton et al. (2010). In Section 2 we describe the 


HS'l’/CUS spectra, concentrating on absorptions found 
in the three sight lines at z = 0.00622. In Section we 
describe our new observations of galaxy MCG -01-04-005 
which bear on its recent star formation history. The dis¬ 
cussion in Section |4| focuses on the constraints on cloud 
size obtained using these observations. In Section we 
summarize our conclusions. 

2. HST/COS FUV SPECTROSCOPY OF THE LBQS 
TRIPLET 


Grighton et al. (2010) use the absorption line data from 
the HS'i/GUS 1 UV spectra of the LBQS triplet to con¬ 
strain the relationship between galaxies and absorbers at 
z < 1, finding an excess of groups of galaxies compared 
to expectations. A high column density Lyman limit 
system (LLS) is present in LBQS 0107-0232 (J0107G 
hereafter) at z = 0.557 and a metal-enriched absorber is 
found in LBQS 0107-025A,B (J0107A and J0107B here¬ 
after, respectively) at z = 0.227, located 200 Iroc from a 
bright gala xy at the same redshift (see Figure [y. jMuza- 


hid (2014) used the common Q VI absorptions m this 


system to infer that the Q Vl-absorbing gas is very large 
on the sky (600-800 kpc) and must therefore contain a 
substantial amount of mass (> 10^^ Mq). This inferred 
mass is similar to the amount inferred by [Stocke et al. 


to b e in the hot GGM phase found by 


et al.j (2014) and Stocke et al. (2014). Muzahid 


^vage 

ISSW 

also analyzed the photo-ionized phase in the z ' =0.227 
absorber, finding evidence that this cooler cloud is quite 
small (< 1 kpc) suggesting that it is a high velocity cloud 
imbedded in the hot O Vl-absorbi ng substrate. 

The same GQS spectra used by Grighton et al. (2010| 
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Figure 1. An SDSS finder chart of the region surrounding the three QSO sight lines studied here (see Section]^ on which we have overlaid 
an illustrative cartoon of the CGM cloud’s extent if detected in all three sight lines. The QSO positions are indicated by the labels A—C, 
corresponding to the sight line labeling in the text. An indicative physical impact parameter for the QSO sight lines from MCG -01-04-005 
(Sectionis also shown, as well as the distance be tween the QSO sight lines evaluated at z = 0.00622. Finally, the position of the 
z = 0.227Z galaxy identified by|Grighton et al.|(|2010| ; see Section|^ is indicated by a red square. The image field of view is 10' X 6' and 
its orientation is north up, east lett. All unlabeled distances are kiloparsecs. 


and Muzahid (2014| were used by this project. All 
targets were observed with the Cosmic Origins Spec¬ 
trograph (COS) as part of HST program 11585 (PI: 
Crighton) in late 2010 and early 2011. J0107A and 

J0107B were observed with both far-UV, medium res¬ 
olution gratings COS/G130M (1135 < A < 1450 A) and 
COS/G160M (1400 < A < 1795 A). J0107C was ob¬ 
served in the COS/G160M grating only due to the LLS 
discussed above. Observations made at several different 
grating positions give continuous spectral coverage over 
the range 1135 < A < 1795 A (1400 < A < 1795 A for 
J0107C) at an approximate resolution of 77 = A/AA « 
18,000 {Av « 17 kms"^). 

The calibrated, one-dimensional spectra for each expo¬ 
sure were obtained from the Mikulski Archive for Space 
Telescopes (MAST). The individual exposures were then 
coadde d using standard I DL pr ocedures described in de¬ 
tail by Danforth et al. (2010). Briefly, the individual 
exposures were binned by three pixels, cross-correlated 
around strong Galactic absorption features, interpolated 
onto a common wavelength scale, and combined using 
an exposure-weighted coaddition scheme. The combined 
spectra shows the expected smooth continuum and nar¬ 
row absorption features. The data quality varies over 
the spectral range due to the different sensitivities and 
exposure times in the two detectors. Total exposures 
times, median S/N per resolution element, and median 
flux levels for each grating are given in Table 

2.1. Absorption Line Analysis 

To establish the extent of the circumgalactic halo 
clouds around MG G -01-04-005 (systemic radial velocity 
= 1864 ± 5 km s“^; Koribalski et al.|2004 1 we utilize the 


Table 1 

Summary of HST/COS Observations 


Target 

•^em 

Grating 

^exp 

S/N 

Flux 

J0107A 

0.9570 

G130M 

28202 

14 

7 X 10-1® 



G160M 

44430 

12 

7 X 10-1® 

J0107B 

0.9560 

G130M 

21239 

16 

1.0 X 10-1® 



G160M 

21149 

11 

1.3 X 10-1® 

J0107C 

0.7280 

G160M 

83433 

10 

3 X 10-1® 


presence or absence of H I Lya and G IV 1548, 1550 A ab¬ 
sorption at the host galaxy redshift in the LBQS triplet 
(see Figure!^ for all detected absorbers at the redshift of 
MGG -01-0r005). 

The H I Lya absorptions in J0107A and J0107B are 
best-fit using two components (see Table 2). In ve¬ 
locity space, both sight lines include a component at 
^ 1830 kms~^ and one at ~ 1900 kms~^. The specific 
values for these fits can be seen in Table 2. All of the line 
fits have physically reasonable 6-values except the 1836 
kms~^ component in J0107B, which is weak enough that 
a broader, physically-plausible, profile is possible within 
the statistical errors (see Figure 0. Full line profiles 
based on the Voigt fit parameters m Table 2 are over¬ 
plotted as thick solid lines for all absorption features. For 
the Lya profiles, the dotted lines indicate the Voigt fits 
for each component; for the G IV profiles, the thin lines 
indicate the la uncertainty on these fits. Special care is 
required when inferring H I column densities from Voigt 
profile fits to Lya profiles; we address these concerns in 
Section 4.1. 

The wavelengths of Lya and G II in J0107G are ob¬ 
scured by a strong, higher redshift LLS. However, in 
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this case a reasonably strong C IV absorption is visi¬ 
ble at ^ 6cr in the stronger of the two doublet lines 
(see Figure third column and Table 2. The velocity 
of the C IV in J0107C corresponds to within the er¬ 
rors with a comparably strong C IV in J0107B consis¬ 
tent with the ^ 1900 kms~^ Lya component. While 
no C IV is detected in J0107B, the much stronger Lya 
absorber in J0107A compared to J0107B means that the 
^ 1900 kms~^ Lya component can be at a similar metal- 
licity in all three sight lines. The strength of the C IV 
in J0107C compared with J0107B suggests that a com¬ 
parably strong Lya is present at that location, although 
undetectable due to the higher redshift LLS. Likewise, 
C II 1335 A is weakly detected in J0107A & B, consis¬ 
tent with belonging to the higher velocity absorber (see 
Figure 2). 

Due to intervening ISM and Lya forest lines, several 
of the C IV candidate lines require de-blending to con¬ 
firm their presence. At the galaxy’s redshift, and thus in 
all three spectra, the weaker line of the C IV doublet is 
blended with Galactic neutral carbon (C I 1560 A) ISM 
absorption shown at a velocity of —72 kms“^ in Fig¬ 
ure We modeled out the neutral Galactic carbon by 
simultaneously Voigt-fitting other G I transitions in the 
same spectrum to obtain a G I column density. A model 
G I profile using the parameters obtained was then sub¬ 
tracted from the blended region of interest. This model 
has already been removed from the spectra presented in 
Figure The location of the G I wavelength is noted in 
the thira row of Figure 

In J0107B, only a 3a upper limit on G IV is reported 
after the C I model was removed. For J0107A & J0107C, 
we were able to model cleanly the G IV 1548 A line (a 
6cr detection). Particularly for J0107A (see Figure 
the 1548 A-derived model seems to fit the de-blended 
1550 A feature, implying that the de-blending process 
was reasonably successful with only small G I residu¬ 
als. However, this line more than likely contains addi¬ 
tional contaminants besides G I making its parameters 
less well-determined; i.e., the 1550 A detection appears 
too strong for the observed 1548 A line strength. Table 
2 thus lists proxy values for the G IV 1550 A feature in 
J0107A based on the values obtained from the 1548 A 
measurement. 

In J0107C only the stronger G IV line is well-measured 
at 1560.9 A due to the presence of Lya forest lines at 
other redshifts in the region of the weaker doublet line. 
Nevertheless, after the C I de-blending, a weak G IV 
1550 A feature does seem to be present between two 
strong Lya absorbers. This tentative detection of the 
weaker C IV doublet line in J0107G is suggestive but 
not conclusive due to the higher redshift Lya lines in its 
vicinity. 

With no other definite lines than the G IV 1548 A iden¬ 
tification at the same redshift in J0107C, we must enter¬ 
tain the possibility that this line is actually a spurious, 
weak feature at a different redshift. Lya absorbers are by 
far the most common in the IGM so the alternative in¬ 
terpretation of the 1560.9 A feature as Lya at z = 0.284 
is suggested. The line has an observed equivalent width 
of W\ = 96 ± 44 mA with a fitted 6 = 34 ± 11 kms~^. 
Interpreted as a weak Lya absorber on the linear part 


of the curve of growth, this corresponds to a rest equiva- 
lent width of 74 ± 34 mA, or loglVni = 13.2 ±0.2 cm“^ 


Danforth et al. (2015) find a bivariate distribution of H I 
absorbers with d’^A7(log N)/dzd log N = 110 ± 6 at this 
column density. Multiplying by a column density bin 
width equal to the full range of the measurement uncer¬ 
tainty (0.4 dex), gives dN/dz = 44 ± 2, the frequency 
of H I absorbers per unit redshift with a column density 
logiV = 13.2 ± 0.2. The 1560.9 A line is at the right 
wavelength to be C IV associated with MGG -01-04-005, 
but we don’t know the precise velocity of the H I absorp¬ 
tion in this particular sight line (see Figure 2). Instead, 
we estimate the velocity range over which it might be ex¬ 
pected using the Lya and C IV absorption from the other 
two sight lines: cz = 1860 ± 50 kms“^. A full-width of 
100 kms~^ corresponds to Az = 3.3 x 10“^. Multiplying 
this Az by the Lya absorber frequency at that column 
density and redshift, the probability for finding an unre¬ 
lated Lya line by chance at the location of the expected 
G IV line is ~1.5%. This probability scales linearly with 
the redshift width Az of the allowed line centroid. 

In summary the Lya and C IV absorption lines in these 
three sight lines are over-plotted in Figure 3. The Lya 
lines in J0107A & J0107B share both velocity compo¬ 
nents although the lower velocity component is quite 
weak in J0107B. J0107A & J0107G have G IV absorp¬ 
tion which aligns with the higher velocity component 
and with each other. The velocity and velocity width 
coincidences between these two features argue in favor of 
hypothesis that the J0107C feature is also C IV . While 


the G IV 1548 A identifications are confirmed by the 
presence of weak 1550 A absorption in J0107A & B, the 
G IV 1548 A identification in J0107G could instead be an 
intervening Lya absorber at a different redshift. There¬ 
fore, the higher velocity component is shared by at least 
two and maybe all three sight lines. The lower velocity 
component is present in J0107A without doubt and prob¬ 
ably present, although weakly, in J0107B. While there is 
no evidence for the lower redshift component in J0107C, 
we can not rule out its presence since we have only G IV 
coverage in that sight line and the lower redshift compo¬ 
nent appears to be metal-free at the sensitivity level of 
the GOS spectroscopy in-hand. 


3. FOREGROUND GALAXY: MGG -01-04-005 


The galaxy MGG -01-04-005 lies to the WNW of the 
LBQS triplet and is projected 8l8 (68 kpc) on the sky 
from J0107A, 9.'1 (71 kpc) from J0107B, and 8.'3 (64 kpc) 
from J0107G (see Figur e [^. Its H I 21-cm centroid ve¬ 
locity (1865±6 kms~^; ]\feyer et al.||2004 ) is in-between 
the two velocity com ponents detected in FUV absorp¬ 
tion (see S ection |2.1|) and it has a H-band luminosity of 
- 0.07 L* ( |Doyle^al.|[2005 |. 

3.1. Galaxy Imaging and SFR 


Ha and R-band images of MGG -01-04-005 were ob¬ 
tained in November 2013 using the SPIcam imager on 
the Apache Point Observatory 3.5m telescope (APO). 
Six 300 sec exposures in the R-band and six 900 sec ex¬ 
posures in Ha (R: 6492 A, AA = 1544 A; Ha: 6570 A, 
AA = 75 A) were acquired under ~ 1" seeing conditions. 
The narrowband filter covers an area smaller than the de¬ 
tector field-of-view (FOV), yielding an unvignetted FOV 







Photo-ionized Clouds in Galaxy Halos 


5 



-100 0 100 -100 0 100 


-100 0 100 


Velocity km/s (V^ = 1890 km/s) 

Figure 2. Hi Lya (first row), C IV doublet absorptions (2nd and 3rd rows) and C II (4th row) in all three sight lines, over-plotted with 
profile fits from Table 2. The components of each Lyo absorption are represented with dotted lines. In J0107A the modeled profile (thick 
line) with its errors (thin lines) are plotted for the strong C IV doublet line. Direct fits to the weaker doublet line produce column values 
much too large for the expected doublet ratio, so it is likely that the line is blended with an unknown weak line. Thus a predicted profile 
based on the measured column density and b-values of the 1548 A line is plotted instead. The C IV model fits in J0107B (dash-dot lines) 
represent upper limits centered on the wavelength calculated using J0107A’s Lya redshift. The C IV 1548 A line in J0107C is also the 
modeled profile with error bars. The 1550 A profile in J0107C is a predicted profile like what is displayed for the the J0107A weak CIV. 
In row 7^3 the Galactic C I line was removed using a profile generated from other Galactic C I lines - the entirety of the region of this 
subtraction is 1559.6 A to 1561.7 A , corresponding to -200 to -1-200 kms~^. The center of the removed C I profile is noted with a vertical 
tick mark. Some residuals from the G I deblending may remain in this region. The 4th row displays C II 1335 A absorption for J0107A 
and J0107B with modeled profiles overplotted. 



V km/s (V,,, = 1890 km/s) 

Figure 3. Relative velocities of the absorption systems, using Lya 
in J0107A (red) and J0107B (black), and C IV 1548 A in J0107A 
(blue) and J0107C (green). The C IV absorptions in J0107A & C 
have very similar profiles and velocity extents and are associated 
entirely with the higher velocity Lya absorption system. 

of ~ 3^5 X 3!5, from which the subimage in Figure 
is extracted. A standard photometric procedure of sub¬ 
tracting a scaled R-band image from the Ha image was 
used to isolate Ha emission. In the pure emission-line 
imare, counts from a 42" x 62" (150 x 220 pixel; see Fig¬ 
ure® rectangular area bounding the estimated extent of 
the galaxy emission were measured. An equal-sized rect- 



Arc Seconds 

Figure 4. Gontinuum-subtracted narrowband Ha image of 
MCG -01-04-005. The image has a 2^ x 2^ field-of-view and is 
oriented north up, east left. The rectangular region from which 
the galaxy’s Ha flux was extracted is indicated.Two bright stars 
in the field have positive and negative residuals due to changes in 
the seeing between the expsoures. 
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Table 2 

Absorption Table 


Target 

Species 

Ao 

(A) 

Aobs 

(A) 

cz 

(kms-1) 

b 

(kms-i) 

Wx 

(mA) 

log TV 
(cm-2) 

a 

JOlOTAb 

Lya 

1215.67 

1223.09 

1830± 10 

39 ±9 

213 ± 117 

13.74 ± 0.09 

19.0 


Lya 

1215.67 

1223.33 

1888 ± 10 

40 ±5 

568 ± 80 

14.75 ±0.20 

49.9 


CIV 

1548.20 

1558.12 

1921 ± 10 

50 ± 10 

109 ± 18 

13.47 ± 0.08 

8.2 


CIV 

1550.77 

1560.71 

1921 

40 

109 

13.47 



C II 

1334.53 

1342.96 

1893 ± 6 

12± 10 

33 ±21 

13.28 ±0.22 

6.6 


Si H 

1260.42 

1268.36 


20 

< 25 

< 12.2 

< 3 


Si IV 

1402.77 

1411.61 


20 

< 22 

< 12.7 

< 3 

J0107B‘= 

Lya 

1215.67 

1223.12 

1836 ± 75 

4± 10 

34 

13.16 

6.2 


Lya 

1215.67 

1223.41 

1908± 10 

17 ± 12 

354 

15.84 

45.0 


CIV 

1548.20 




< 57 

< 13.43 

< 3 


CIV 

1550.77 




< 57 

< 13.45 

< 3 


C H 

1334.53 

1343.17 

1939 ± 15 

27± 23 

24± 22 

13.10 ±0.24 

~ 3 


Si II 

1260.42 

1268.36 


20 

< 23 

< 12.2 

< 3 


Si IV 

1402.77 

1411.62 

1891 ± 10 

21 ± 10 

36 ±22 

12.95 ±0.20 

3.2 

J0107C‘i 

CIV 

1548.20 

1557.97 

1893 ± 7 

34± 11 

96 ±44 

13.43 ±0.15 

8.8 


CIV 

1550.77 


1893 

34 

96 

13.43 



^ The errors on log N represent formal fitting errors from minimization. We have reason to 
believe the errors on log Nn j are actually much larger, as discussed in Section 4. 

The weak line of the CIV doublet is assumed to be blended with an unknown weak line, as Voigt 
fitting results in a column density that is too high given known line ratios for CIV. We adopt the 
strong doublet line values for the 1550 A line as a reasonable proxy. 

^ Since the CIV values for this sight line are upper limits, the observed wavelengths are based on 
the host galaxy redshift and assumed to be 1558.07 A and 1560.50 A. These have been used as the 
profile centers in Figure 2. 

The weak line of the CIV doublet is highly blended with unidentified lines and thus no measure¬ 
ment was made, so we follow the same procedure as footnote b. 


angular sky region from the same image was subtracted. 
Assuming appropriate background subtraction and Pois- 
sonian error statistics, the resulting galaxy Ha count rate 
was 54 ± 1 ctss“^. However, our Ha count rate is con¬ 
taminated by [N II] emission that closely flanks Ha and 
thus falls within the filter bandpass. To remove this, op¬ 
tical spectra of MCG -01-04-005 were obtained on the 
same night with the Dual Imaging Spectrograph (DIS) 
at APO. The two [N II] emission features flanking the Ha 
emission peak were measured and the ratio of emission 
was found to be A(NH)/A(Ha) = 0.31. Therefore our 
corrected pure Ha count rate is 37 ± 1 ctss“^. 

Using the standard star BD-l-28 4211 to flux calibrate, 
an observed Ha flux of (2.09±0.06) x 10“^"^ ergs s“^ cm“^ 
was measured for the galaxy. Galactic foregroun d ex¬ 
tinction was d etermined using the extinction law of Fitz-| 
Patrick] (|1999|) assu ming Ry = 3.1 and E(B — V) = 
0.043 ± 0.006 mag (Schafly & Finkbeiner 2011), yield¬ 
ing an extinction-corrected Ha hux ot (2.29 ± 0.07) x 
10“^^ ergss“^cm“^; no extinction intrinsic to MCG - 
01-04-005 w as assumed. We use a luminosity distance of 
^ 27 Mpc ( Benne t et al. 2013| (also consistent with 
Tully et al. (2008) distance measurements to an equiv- 
alently redshitted galaxy group). This corresponds to a 
luminosity of = (1.99 ±0.06) x 10^^ ergss~^. Us ing 
the calibration of Hunter, Elmegreen, & Ludka (2010) we 
obtain a current SFR of « 0.01 MQyr“^. 

We can also infer a galaxy’s recent SFR from its FUV 
luminosity. MCG -01-04-005 was observed by the Galaxy- 
Evolution Explorer (GALEX) in both the FUV and NUV 
imaging bands as part of its All Sky Imaging Survey. 
These shallow (108 sec) exposures found a GALEX FUV 
magnitude of 17.31 ± 0.08 for MCG -01-04-005 (we have 
incorporated the absolute photometric uncertainty of 


GALEX into this magnitude uncertainty; Morrissey et al. 


2007), which corresponds to an extinction-corrected lu¬ 
minosity of Apuv = (5.1±0.4) X 10^® ergss“^ Hz“^ using 
the procedure outlined above. This lumi nosity implies 
that the galaxy’s SFR is « 0.06 Mq- yr~^ (Hunter et al.| 
2010), ^ 6 times higher than the Ha-derived value. 

The higher SFR derived from the GALEX FUV lumi¬ 
nosity is not surprising since Ha measures star formation 
over the past 10 Myr, whereas FUV lumin osity measures 
star formation in the past 10-100 Myr (Hunter et al.j 
2010). Nevertheless, as evidenced by its low Ha- and 
FUV-inferred SFRs, MCG -01-04-005 is not currently a 
starburst galaxy nor has it been one in the recent past. 
All indications are that it is a rather normal A ^ 0.1 L* 
galaxy. 

4. SIZE OF A TYPICAL PHOTO-IONIZED HALO CLOUD 

These three sight lines present the opportunity to ob¬ 
tain limits on the physical extent of two typical late-type 
galaxy halo clouds. From the aspect of its SFR, MCG - 
01-04-005 appears to be entirely normal, certainly not a 
starburst, over the recent past. The impact parameter 
for these sight lines is a modest number of disk radii and 
only 0.4-0.5Rvir ( based on a halo-matching formalism; 
Stocke et al. 2013). This is comparable to or less than 
the 0.5-1 Rvir region for which very high covering factors 
in Lyg and/or O VI are found around late-type galax¬ 
ies dTumlin son et al. 201 1| Stocke et al. 2013 Bordoloif 
et ah 2014 r T'heretore, tnis situation appears entirely 
typical tor the study of photo-ionized halo clouds around 
late-type galaxies. 

There are two velocity components to the Lya absorp¬ 
tion, which are present in two sight lines: J0107A and 
J0107B, separated by 10 kpc at the distance of MCG -01- 
04-005. This match sets firm lower limits on the trans¬ 
verse sizes on the sky of these two clouds. While Lya 
is quite strong in both sight lines for the ^ 1900 kms~^ 
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absorber, the lower velocity (~ 1830 kms“^) Lya absorp¬ 
tion in J0107B is so much weaker than in J0107A that 
the lower velocity cloud may be only slightly > 10 kpc 
in extent on the sky. These firm lower limits are al- 


by 

Stocke et al. 

(12013 

) and near the median value for the 

sizes interred bylWerJ 

c et al. 

(2014). Assuming a typical 


for a spherical CGM cloud yields a lower limit on the 
mass of these two clouds: > 4.5 x 10® Mq. However, ad¬ 
ditional information is available that bears on the sizes 
and masses of these clouds. 

For the J0107C sight line, the absorption due to these 
clouds is ambiguous due to the presence of a LLS at 
higher redshift which obscures the portion of the UV 
spectrum which contains Lya associated with MCG - 
01-04-005. However, in this case there is a shallow ab¬ 
sorption present at just the right velocity to be C IV 
1548 A in the ~ 1900 kms ^ absorber. Additionally, 
this feature has a similar line width to the G IV found 
in the J0107A sight line (see Figure]^, so that G IV is a 
very plausible identification for this future. However, we 
cannot rule out entirely that this absorption line could 
be Lya at a higher redshift, although the probability 
of such a chance coincidence is small (< 2 %). Addi¬ 
tionally, there is a marginal detection of G IV 1550 A in 
J01017C which falls between two strong, intervening Lya 
absorbers. Therefore, only slightly more speculatively, 
we conclude that the higher velocity (~ 1900 kms“^) 
cloud extends > 23 kpc on the sky. While we can use 
this limit as the minimum cloud extent in one dimension 
(approximately tangential to the impact parameter vec¬ 
tor; see Figure 1), we do not know the other dimensions 
explictly. A plausible lower size limit for the other di¬ 
mension on the plane of the sky can be set at > 5 kpc 
using the distance from the J0107B sight line to the cord 
connecting sight lines A and C (since our observations 
suggest a continuous absorption between sight lines A 
& G; see Figure 1). Assuming an ellipsoidal cloud with 
axes of 5 kpc x 5 kpc x 23 kpc finds a minimum mass of 
> 5 X 10® Mq. Assuming > 23 kpc for all three di¬ 
mensions of this cloud, results in nearly a 10® Mq lower 
limit. 

4.1. Uncertainties in HI Column Density 


In Section 4.2 we will use CLOUDY (Ferland et al. 


19981 photo-ionization models to attempt to constrain 


the line-of-sight thickness of the ~ 1900 kms~^ ab¬ 
sorber in J0107A. CLOUDY outputs rely on accurate 
absorption-line measurements, but the A^hi value from 
our Voigt profile fits requires re-evaluation as the Lya 
profile is slightly saturated in both velocity components 
and spectroscopy of the higher-order Lyman lines is not 
available in this case. The values listed in Table 2 for 
the Lya line are the values that minimize the of the 
Voigt-profile fit, but since we are on the flat part of the 
curve of growth there is a very large uncertainty in col¬ 
umn density and 6 -value for a given equivalent width. 

Thus, we will treat the H I column density listed in 
Table 2 for the ~ 1900 kms“^ absorber as untrustwor¬ 
thy and estimate its value indirectly. This is unfortu¬ 
nate but unavoidable when the only H I line that can 
be fit is a saturated Lya profile with no damping wings. 


A famous prece dent from the literatur e may help illus¬ 
trate this point. jWeymann et al.|(|1995|) observed 3C 273 
with HST/GHRS using the GlbOiVI grating and found 
a best-fit Voigt profile with log A^hi = 14.22 ± 0.07 and 
6 = 34 ± 3 kms“^ for the ~ 1585 kms“^ Lya absorber 
associated with the Virgo cluster. We note that the S/N 
and spectral resolution of this HST/GHRS spectrum of 
3G 273 are comparable to those of the HST/COS spec¬ 
trum of J0107A and the best-fit parameters from the 
Lya fits are comparable as well. Later, Far-Ultraviolet 
Spectroscopic Explorer (FUSE) data became available 
for 3C 273 and absor ption from Ly/3-Ly6> were found 
at the same redshift (jSembach et al. 20011. When a 
curve-of-growth was gmerated from th ese higher-order 
Lyman series lines Sembach et al. ( |2001 ) found log Ah i = 
15 . 85 ^ 0(13 ^ ~ 16 ± 1 kms” . The 6 -value was re¬ 

duced by a f actor of 2 compared to the initial |Weymann| 
et al. (1995) value and the c olumn density increase d by 


a factor of more than 40! 


Sembach et al.| (|200ij) at- 
lu 


tributed the discrepancy partially to very low column 
density component structure that affects the Lya pro¬ 
file but is undetectable in the higher-order Lyman series 
lines. Therefore, we must treat an Ahi value obtained 
from Lya profile fitting alone as uncertain, very likely 
a lower limit, unless other physical constraints can be 
identified. 

Since Ahi is underconstrained by the COS data alone, 
we have imposed the condition that the J0107A absorber 
metallicity should be consistent with the galaxy metallic- 
ity. This is reasonable because there are no other bright 
galaxies close to MCG -01-04-005; the nearest brighter 
galaxy is NGC 448, an 0.6 L* SO galaxy ~ 750 kpc away 
on the sky. This distance on the sky is nearly 5x the 
virial radius for NGG 448 and close to the maximum dis¬ 
tance that metals have been detected from any brigh t 
galaxy in the current epoch (Stocke et al. 2006 2013). 
We conclude that any metals present in these absorbers 
have originated in MGC -04-01-005. If gas expelled by 
MGG -04-01-005 mixed with IGM gas it could have an 
even lower metallicity and an even higher Ahi. However, 
such extreme values do not give Lya profile fits consistent 
with the COS spectrum of J0107A nor do they satisfy the 
photo-ionization modeling requirements presented below. 

We have measured a metallicity for MCG -01-04-005 
of [0/H] = -0.15 ± 0.19 (i.e., Zg^i ~ 0.7 Zq) using our 
APO/DIS long slit spe ctrum (see Section 3.1) with the 
N2 index calibration of Pet tini &: Pagel (2004) and the 
solar oxygen abundance of|Asplund et al. 15D09). For 
the absorber metallicity to be consistent with the galaxy 
metallicity, log(Zabs/^ 0 ) = —0.53 to 0.23 (i.e., within 
2cr of the galaxy’s nominal value of [0/H] = —0.15, or 
the 95% confidence band). To satisfy this constraint the 
H I column density of the ~ 1900 kms”^ absorber in 
J0107A must lie in the range log Ah i « 15.5 ± 0.5. In 
the photo-ionization models that follow, this range of val¬ 
ues can reproduce all of the observed metal-line columns 
and limits; i.e., for lower H I columns the C II detec¬ 
tion implies a metallicity that is too high and for higher 
H I columns the Si II and Si IV upper limits imply a 
metallicity that is below this range. 


4.2. Photo-ionization Modeling 
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/ X log(n„/cm) 

-3.2 -3.4 -3.6 -3.8 -4.0 



log U 


log(n„/cm) 

-3.2 -3.4 -3.6 -3.8 -4.0 



Figure 5. Top: The range of CLOUDY models that satisfy all of 
the metal-line constraints for the ~ 1900 kms“^ absorber toward 
J0107A with an assumed H I column of logA^Hi = 15.5 di 0.5 (see 
text). The allowed model region is shown shaded in gray with 
the various line constraints color-coded as in the Figure legend. 
The solid horizontal lines are the plausible metallicity limits set by 
the galaxy metallicity. Bottom: Contours of constant line-of-sight 
thickness, t, for the CLOUDY model in the top panel. The shaded 
region and metallicity indicators are the same as above. 


In this sub-Section we use CLOUDY photo-ionization 
modeling both to obtain additional size constraints for 
the ~ 1900 kms~^ absorber in J0107A and also to show 
that such size constraints are quite uncertain using the 
minimal data in-hand: Vhi, IVciii -^CiVj and limits on 
the column densities of Si II, and Si IV (see Table 2). 
We use a plane-parallel CLOUDY model irr adiated by 
the extragalac tic ionizing field as specified by|Haardt fc| 


Madau (20121 to search for a single-phase solution that 
selt-coiisistently reproduces the measured column densi¬ 
ties and limits. We assume that all species are solely 
photo-ionized and examine the temperature, T, hydro¬ 
gen density, nn, neutral fraction, /hi, and line-of-sight 
thickness, t, of the modeled cloud as a function of ion¬ 
ization parameter, U = n-yjnn, and metallicity, Z. 

Since the H I column density derived from our Voigt 
profile fits to Lya is very uncertain, we use the CLOUDY 
models to constrain Nn i using the measured column den¬ 
sities of C II and C IV, and the upper limits on the Si II 
and Si IV columns as discussed in Section 4.1. Our pri¬ 
mary interest is in the range of allowable ionization pa¬ 
rameters that these data support, and the line-of-sight 
thicknesses that can be derived from these values, not 
the absorber metallicity, which we use only to constrain 
Nni- 


The CLOUDY models associated with this revised col¬ 
umn density for the ~ 1900 kms“^ component in J0107A 
(logA/ii = 15.5±0.5) are shown in Figure 5a. The metal¬ 
licity of MCG -01-04-005 is shown as a solid horizontal 


line with a light gray band indicating its 2a uncertainty. 
The curved solid lines indicate the region of parameter 
space consistent with the measured C II and C IV column 
densities, with the flanking dashed lines showing the Icr 
uncertainties in the measured columns modulo the very 
large uncertainty in the H I column. The dot-dashed 
lines show the upper limits on the Si II and Si IV columns 
with the tick marks pointing toward the allowable region 
of parameter space. The filled gray area shows the region 
of parameter space that is consistent with all of the con¬ 
straints and the star indicates the fiducial solution where 
the measured C II and C IV columns agree exactly. 

From this model we estimate that log 17 = —2.6^g’2 
for this absorber; the large uncertainty reflects the large 
uncertainty in Nni- At the fiducial solution we find 
T ~ 11,000 K, nn -- 3 X 10"^ cm-^, /hi - 0.3%, and 
t ~ 1 kpc. The range of line-of-sight thicknesses allowed 
by our CLOUDY model is shown in Figure 5b, which dis¬ 
plays the same shaded region and metallicity indicators 
as Figure 5a with contours of constant cloud thickness 
overlaid. From this plot we conclude that the indicative 
cloud thickness is « 0.5-5 kpc. 

Guided by the fiducial cloud thickness (1 kpc) and 
cloud density (3x 10“^ cm“^) from the CLOUDY models 
and the cloud size limit (> 10 kpc) on the sky from the 
common absorbers, a constant density ellipsoidal cloud 
with minimum sizes of 1 and 10 kpc in two of the three 
dimensions is suggested. Assuming 10 kpc for the third 
cloud dimension (second transverse dimension on the 
sky) finds a rough cloud mass limit of > 3 x 10® M©. 
Allowing lower density and larger volume models as in 
Figure 5 does not change this limit appreciably. How¬ 
ever, if our presumed G IV identification for the absorp¬ 
tion line detected in Q0107G is correct, the lower mass 
limit inferred for this spheroidal model is a factor of 4 
larger. 

In summary, for all cases described in this Section, 
most lower limits on cloud mass are in the range 
0.3-5 X 10® Mq. If we had to rely on photo-ionization 
modeling alone, then the inferred mass would be about 
100 X less than this lower limit by assuming that each 
cloud dimension is ~ 1 kpc. Glearly, the physical limits 
derived from multiple sight lines are extremely valuable 
in estimating GGM cloud parameters. 

While these values make various assumptions to ar¬ 
rive at a lower mass limit, each of these limiting values 
for GGM cloud masses are better constrained than those 


found in either |Stocke et al.l (|2013|) or |Werk et al.| (|2014 1 
based solely on simple CLOUDY pnoto-iomzation rnodel- 
ing. However, the current result supports the contention 
made by those authors that at least some GGM clouds 
have very large sizes and masses. And while we cannot, 
on the b asis of current dat a, entirely rule out the con¬ 
tention of Werk et al. (2014) that the photo-ionized phase 
is a monolithic structure around each late-type galaxy, 
the limited size on the sky of ^ 10 kpc for the lower 
velocity absorber argues weakly against that model. 

5. CONCLUSIONS 


Using three neighboring QSO sight lines called the 
LBQS Triplet we have determined that two photo-ionized 
GGM gas clouds in the halo of the ^ 0.1 L* late-type 
galaxy MGG -01-04-005 have physical extents on the sky 
of > 10 kpc and total masses > 3 x 10® Mq. Most size 
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constraints available using common absorptions in the 
COS FUV spectra of the LBQS Triplet require minimum 
masses of > 10® Mq. Given that MCG -01-04-005 is a 
typical, non-starburst low-luminosity galaxy, and that 
the impact parameters for these absorbers are typical for 
CGM absorbers at 0.4-0.5 i?vir) we argue that these re¬ 
sults also are typical for photo-ionized GGM clouds in 


general. Therefore, these results sui 


port inferences by 

Tumlinson et al. ( 

A k- 1 - n —* ' 

2011 ) 

Stocke et al. 

! 

2013) 

Werk et al. 


very massive and the ensemble of such clouds contains a 
significant baryon reservoir, comparable to the mass in a 
galaxy’s stars or larger! The following results led us to 
these conclusions and represent the main observational 
findings of this paper. 


1 . The absorption line data from the HST/GOS FUV 
spectra of the LBQS Triplet (J0107A,B,C) finds 
common absorption at z = 0.0063 in two veloc¬ 
ity components 1830 and 1900 km s“^) as fol¬ 
lows: Lya in J0107A,B; C IV in J0107A,C; G II 
in J0107A,B; and upper limits for C IV in J0107B, 
Si II and Si IV in J0107A,B. The common Lya and 
G IV absorptions support minimum cloud sizes for 
both velocity components of > 10 kpc. A more 
speculative detection of C IV 1548 A in J0107C 
suggests an even larger size limit of > 23 kpc. The 
measured values for the absorption line detections 
can be found in Table 2. 


2. Using ground-based Ha and space-based GALEX 
imaging, we find that the star formation rate 
in MGG -01-04-005 is small (between « 0.01- 
0.06 M 0 yr“^) in the last 100 million years. We 
conclude that the galaxy is a normal, low luminos¬ 
ity late-type galaxy which has not had a significant 
starburst in the last 10 ® years at least. 


3. Using C II and G IV detections and limits on 
Si II and Si IV at ~ 1900 kms~^ in J01017A, 
single-phase photo-ionization models have been 
constructed imposing Zabs ~ -^gai to limit the range 
of acceptable H I columns (Section 4). These 
CLOUDY models find logU = —2.6'^q 2 for this 
absorber and derived physical quantities of uh 
3 X 10“"^ cm“®, /hi ~ 0.3%, and t ~ 1 kpc. 
While this thickness (t) is smaller than the min¬ 
imum size on the sky obtained from the common 
absorptions, the range of cloud thicknesses allowed 
by the CLOUDY models is consistent with an ellip¬ 
soidal cloud. However, these models are quite un¬ 
certain providing only indicative results on cloud 
thickness. The common absorptions in the three 
sight lines provide much better constraints requir¬ 
ing large cloud sizes and masses. 


4. Since the common absorptions provide only firm 
lower limits on transverse clouds size, these obser¬ 
vations cannot rule out the presence of a monolithic 
photoionzed phase gas around this galaxy. But the 
absence of G IV absorption at ~ 1830 km s“^ in 
J0107C and the weakness of the Lya absorption at 
this ve locity in J0107B argue weakly against that 
model ( Werk et al.|2014 | by suggesting a cloud size 
not much larger than 10 kpc for that absorber. 
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support of this research at the University of Colorado 
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